INTRODUCTION
West Jilin Province is located in an arid and semiarid transitional region due to the special climatic conditions and a natural geographical environment in the western Songnen Plain in northern China. Recently, the regional ecological environment has seriously deteriorated, and the most drastic effect is wetland degradation in which the loss rate has reached as high as 82%. Petroleum resources are so abundant that more than 7.4 million tons crude oil and natural gas were exploited in 2011. Meanwhile, a large amount of oilfield wastewater is generated in the oil-water separation procedure due to the high water content (>80%) of the extracted petroleum, and a huge cost is taken by the oilfield wastewater reinjection process. In order to dispose of this part of the wastewater and relieve the local ecological pressure, it has been recommended that the oilfield wastewater after secondary treatment (water-oil separation and filtration) could be reused to irrigate a reed-bed surface flow constructed wetland as a water resource. However, high levels of inorganic salt ions (K þ , Na þ , Cl À , and HCO 3 À , etc.) in the oilfield wastewater may become a significant source of soil secondary salinization, in which the Cl À concentration is as high as 3,650 mg/L. Experimental study has revealed that Cl À was detected in water, soil, flora, and groundwater compartments (Lu ) . We could make a better assessment of the likely environmental effects of Cl À in multimedia environments by understanding the dynamic levels of Cl À .
Intermittent sampling is a traditional method used to investigate the distribution of chemicals, for which results at a specific time or specific site could not reflect the chemical dynamic trend. However, long-term continuous sampling in different compartments is infeasible because of the high cost and large labor input, and the test analysis results could only provide the multimedia distributions under steady status while the quantitative dynamic transport process could not be described. In contrast, the methodology of the dynamic multimedia fugacity model has been proven to be effective in simulating the multimedia environmental behaviors for persistent organic pollutants (POPs) (Suzuki et al. ; Liu et al. ; Beyer & Biziuk ; Li et al. ) . Transport and fate of chemicals in different compartments could be simulated by the multimedia fugacity model; however, the concept of 'fugacity' is not suitable for nonvolatility chemicals. Consequently, the concept of 'aquivalence' has been introduced as a new equilibrium criterion and applied to investigate the multimedia environmental behaviors of heavy metals (Mackay & Diamond ; Ling et al. ) , but it has been not available to simulate the multimedia environmental behaviors of inorganic ions. Besides, the large-scale multimedia model still has a lot of uncertainties, which must be analyzed to determine the variation level of the model solution. The traditional method to analyze the model uncertainty is Monte Carlo simulation, which is limited to the distribution function of the key parameters and the generation of pseudo-random numbers. By comparison, interval arithmetic could easily express the accuracy variation range of all the parameters, and the interval solution could contain all the possible values.
Thus, the objective of this study is to develop an interval dynamic multimedia aquivalence (IDMA) model to investigate the transport and fate of Cl À as an indicator of soil secondary salinization in the multimedia environments in the northeast of China. The results may provide scientific guidance for the oilfield wastewater reuse and regional ecological restoration.
MATERIALS AND METHODS

Study area and processes description
The constructed wetland and its surrounding area in Yingtai Oil Production Plant of Jilin Oilfield were selected as the study area. A surface flow constructed wetland system was built up in 2003 to treat the invalid reinjection oilfield wastewater and restore the regional ecological degradation problem. The major processing craft for constructed wetland treating oilfield wastewater is shown in Figure 1 . After steady operation for 9 years, it has been proven that the local ecological environment was preliminarily improved.
Development of IDMA model
The fugacity approach has proven to be effective in describing the multimedia environmental behaviors of organic pollutants, but it is not applicable for involatile chemicals due to their immeasurable characteristics, such as the partition coefficients of metals, polymers, and ionic compounds. For this, the new equilibrium criterion of aquivalence Q (mol/m 3 ) has been developed and applied to modify the QWASI model (Mackay & Diamond ; Diamond et al. ). As described by Diamond et al. () , the linear relation between fugacity f or Q and concentration (C) is described as
With aquivalence, the fugacity capacity (Z) for the water compartment (Z w ) is defined as 1.00; Q in the water compartment (Q w ) is the actual dissolved concentration of chemical (mol/m 3 ). For an involatile chemical, the fugacity capacity for the air compartment (Z A ) is negligible because of airwater partition coefficient (K AW ) is essentially zero. In the aquivalence approach, chemical transfer rates (N) in different environmental processes could be presented as the multiplication of the transfer rate coefficient (D) and Q with identical units, which could be added and compared when they are applied to processes originating in one compartment. The traditional dynamic mass balance for chemicals in the multimedia environments is described with the following system of linear differential equations:
in which V i is the volume of compartment i (m 3 ), Z i is the fugacity capacity of compartment i (mol·Pa 
With the introduction of aquivalence, Equation (2) can be rewritten as
where Q i is the aquivalence for compartment i (mol/m 3 ). According to the method of interval arithmetic (Morre ), Equation (3) could be adapted as follows:
In order to obtain the interval solutions through the calculations of upper bound and lower bound of the IDMA model, Equation (4) could be divided into the deterministic upper bound sub-model (Equation (5)) and the lower bound sub-model (Equation (6)):
According to the modifications above, an IDMA model was developed. In the IDMA model, the environmental system is defined as enclosed and homogeneous multimedia environments. All the transport and degradation reactions are in accordance with first order reaction dynamics, and the air compartment is assumed as a semi-infinite compartment. Concentration in the air compartment varies minutely and a predetermined value is given as the initial status in order to calculate the concentrations and aquivalences in other compartments.
The developed IDMA model is programmed using Matlab software, and the system of equations is solved at hourly time increments. The background value in each compartment is set as the initial value, and the modeled aquivalence from one increment is served as the initial value for the succeeding increment. For each value of t, the aquivalences Q i ¼ Q i (t) are multiplied by Z i to determine the concentration
Generally, the logarithmic residual error (LRE) was used to describe the reliability of the large scale multimedia fugacity model (Ao et al. ) , and the LRE between the modeled values and the measured ones of less than 1 logarithmic unit were in good agreement (Cao et al. ) . Further, a new validation standard of interval average logarithmic residual error (IALRE) for the IDMA model was developed to satisfy both the lower and upper bounds, described as
where LREl is the LRE for the lower bound and LREu is the LRE for the upper bound.
Environmental process and modeling parameters
The developed IDMA model was applied to simulate the dynamic transport and fate of Cl À in a constructed wetland system, during 2002-2020. Air (pure air and particulates), water (pure water, suspended solids, and aquatic), soil 1 (air, water, and solids), soil 2 (air, water and solids), flora (air, water, octanol and lipid), and groundwater (pure water and suspended solids) were the six bulk compartments included in the model, in which the soils in the study area were distinguished into soil 1 (soil without water covering) and soil 2 (soil with water covering). The environmental processes taken into consideration contained oilfield wastewater discharged into the constructed wetland; advection inflows in air and groundwater compartments; advections outflow from air, water, and groundwater bulk compartments; and mass exchanges between adjacent compartments. Specifically, the advection outflow from the water compartment represented the wastewater regularly discharged from the constructed wetland system into the enrichment area, and the surface soil in the wastewater enrichment area after salt enrichment was periodically collected for industrial salt. The input parameters with interval values in the IDMA model comprised environmental attribute parameters describing the compartment composition, physicochemical property parameters of Cl À , and sources emission rate, etc.
As many parameters as possible that represent the environmental characteristics of the study area were collected from the local government websites (http://www.jlzhenlai.gov. cn), which are shown in Table 1 
RESULTS AND DISCUSSION
Parameter sensitivity analysis
Eighty-four input parameters were included in the IDMA model, which was qualitatively and quantitatively studied using sensitivity analysis. The purpose of the sensitivity analysis was to identify the major uncertainty and variability for each input parameter (Fiedler et al. ) . The influence tendency and significance for each input parameter were described by the calculation of sensitivity coefficient (SC) (Ao et al. ) . All of the input parameters were divided into three categories based on the calculation results of SC. In the first category, the output was increased by the P is the percentage of flora compartment area accounted for in the soil compartment; T is the environmental temperature; pH i is the pH value of compartment i; BV i is the background value of compartment i; L is the leaf area index; VWIND is the wind speed in the study area, URAIN is the rain rate; and R is the osmotic coefficient from soil to groundwater. increase in the individual input, such as molecular weight, temperature, water solubility, source emission in different compartment, etc. In the second category, the output was decreased by the increase in the individual input, for instance, height and area of the bulk compartment, K OW , biological enrichment factor, etc. In the third category, it was determined that the input parameters, such as Henry's constant, air side air-water diffusion, rain dissolution to water, scavenging rate, contributed no significant influence to the output. On the other hand, the absolute value of SC was used to indicate the significance for each parameter; it was found that the height of soil, volume fraction of air in soil, and volume fraction of water in soil were the most sensitive for adjusting the model uncertainty.
Validation of the interval solutions
Actual samples from water (seven samples), soil 1 (two samples), soil 2 (four samples), flora (six samples), and groundwater (two samples) compartments were taken to validate the reliability of the developed IDMA model, and the validation samples were taken monthly from June to October in 2009 for five times.
Comparisons between the measured concentrations and the modeled ones in this study are shown in Table 3 .
Concentration of Cl À in the air compartment was infinitesimal due to its nonvolatility, which was considered as zero in the model validation. The IALRE of the IDMA model was calculated as 0. 37, 0.48, 0.19, 0.49, and 0.16 for water, soil 1 , soil 2 , flora, and groundwater compartments, respectively, which showed good agreement between the modeled values and the measured ones. Because of the complexity of the researched environmental system, the measured concentrations may vary by several orders of magnitude, and the validation between the deterministic solution and the measured value with standard deviations may lack reliability in the current conditions. In comparison, the interval solutions of the developed IDMA model could describe the accurate numerical range of the modeled concentrations, and the proposed IALRE provided better comparability than the deterministic one.
Chloride ion transport and fate in the multimedia environments
Temporal trends of Cl À concentrations in the multimedia environments from 2002 to 2020 were simulated by the IDMA model; the dynamic simulation results are shown in Figure 2 . In Figure 2 , the Cl À concentrations in 2002 expressed the Cl À level before the oilfield wastewater discharged in the constructed wetland; these were also considered as the environmental background values. From the dynamic simulation results (Figure 2 ) it could be seen that the Cl À concentrations in water and soil (soil 1 and soil 2 ) compartments were significantly increased at the beginning of the oilfield wastewater discharge (2003), and then tended to be steady with constructed wetland stable operation during 2003-2020. Besides, the Cl À concentrations in flora and groundwater compartments were less influenced by the wastewater discharged, which was due to the frequent harvesting of reed and the better flow ability of groundwater. It was demonstrated that there was no obvious accumulative effect of Cl À in the multimedia environments in the following periods. The transport and fate of Cl À in the multimedia environments were discussed on the basis of the simulation results in 2011, and there was no significant variation between the different years. The relevance of transfer processes among multimedia environments were evaluated by the calculation of their transfer rates (N), and the transport and fate of Cl À are shown in Figure 3 . It was demonstrated in Figure 3 that Cl À advection outflows in the water and groundwater were confirmed as the leading outputs among various transport pathways, which occupied 71.03 and 24.02% of all the environmental process rates. Thus the Cl À discharged into the constructed wetland was primarily outputted by the multimedia environmental system by labor collection; because of the Cl À advection outflows in the water compartment, the oilfield wastewater was periodically discharged into the catchment area and gathered for industrial salt.
Besides, the Cl À volatized into the air and then advected outflow from the study area with the wind (4.88%), which was also an important Cl À output pathway. The rest of Cl À outputted from the environmental system by the harvest and death of reed (0.08%); there was nearly 180 t reed harvested in autumn every year, and the harvested reed was reused as papermaking material (Lu ) . It was demonstrated that the dominant mass transport processes were between soil (soil 1 and soil 2 ) and groundwater compartments, which accounted for more 
